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Abstract 
This study tested the effect of intravenous injections of CyPPA [the activator of small conductance calcium-activated 
potassium channels of types 2 and 3 (SK2/SK3)] on the firing frequency of cerebellar Purkinje cells of laboratory male mice 
at the age of 6 months via the method of extracellular in vivo recordings from Purkinje cells. This method revealed that 
1 mM CyPPA tail vein injections lead to progressive reduction of Purkinje cells firing frequency. Thus, simple spike’s firing 
frequency decreases by 16% in one hour after injection, by 49% in two hours after injection, and by 61% in three hours. 
The obtained results confirmed the hypothesis about the important role of SK channels in the maintenance of Purkinje cells 
spontaneous activity in vivo. Since deterioration of biophysical and physiological functions is observed in many cerebellar 
ataxias, SK channels can serve as a potential target for the treatment of such disorders. 
Copyright © 2016, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V. 
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 1. Introduction 
The cerebellum is an important brain region re-
sponsible for movement coordination, motor function,
muscle tone, balance regulation, and motor learning.
The precise coordination of the activity of cerebellar
neurons determines the response rate and the integra-
tion of movements. Cerebellar conduction pathways
play a major role in controlling motor function, since
they transfer information to other regions of the ner-∗ Corresponding author. 
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(Peer review under responsibility of St. Petersburg Polytechnic University)vous system [1] . The only efferent pathway connect-
ing the cerebellar cortex to its deep nuclei is via the
axonal projections of Purkinje cells (PCs), which are
large GABAergic neurons, i.e., cells of the central ner-
vous system whose major inhibitory neurotransmitter
is the γ -aminobutyric acid (GABA). Thus, PCs are
the key elements of the cerebellar cortex, with the
correct functioning of these neurons responsible for
motor speed and coordination [2] . 
Indeed, PC damage leads to disrupted coordina-
tion of the movements of different muscles, which
is a clinical symptom of neurodegenerative diseases
such as autosomal dominant cerebellar ataxia (ADCA)
[3] . Almost complete PC degeneration is found in the
majority of ataxia patients in the last stages of thection and hosting by Elsevier B.V. This is an open access article 
nc-nd/4.0/ ) 
. 
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Fig. 1. The structural chemical formula of CyPPA, an SK channel 
activator. 
lambdoid suture and the cranial bone was drilled. disease [4] . However, experimental studies have shown 
that ADCA symptoms in the early stages are possi- 
bly caused not by cell degeneration but by the disrup- 
tion of the biophysical and physiological properties of 
PCs. The evidence supporting this hypothesis is the 
decrease in regular pacemaking of PCs detected in 
ADCA mouse models in cases of episodic ataxia type 
2 (EA2) [5] , as well as in some types of spinocerebel- 
lar ataxia (SCA) [6,7] . Based on these findings, it was 
suggested that medications capable of restoring regu- 
lar PC activity may have a positive therapeutic effect 
on patients. 
Small-conductance calcium-activated potassium 
channels (SK channels) are known to be involved in 
controlling the pacemaking activity of PCs [8] . Acti- 
vation of SK channels leads to afterhyperpolarization 
of the cell membrane, maintaining regular action 
potential generation and suppressing the PC firing 
frequency [9] . Therefore, the SK channel family is a 
potential pharmacological target for treating cerebellar 
ataxias. 
Some therapeutic effect of SK channel activa- 
tors has been discovered for the EA2 [10,11] , SCA2 
[12] and SCA3 [6] diseases by electrophysiological 
methods in vitro in cerebellar slices of test mice. How- 
ever, it is urgently important to study the firing activity 
of PCs and their response to SK channel modulators 
in vivo. Additionally, virtually no such studies have 
been carried out in the world. 
The goal of this study was to identify the ef- 
fect of intravenous injections of the SK2/SK3 chan- 
nel activator CyPPA on the firing activity of the 
PCs of the cerebellar cortex of laboratory mice 
( СуРРА is cyclohexyl-(2-(-(3,5-dimethyl-pyrazol)-6- 
methyl-4-pyrimidinamine ( Fig. 1 )). 2. Problem setting 
Previous studies have revealed that CyPPA and NS 
309 (6,7-dichloro-1H-indole-2,3-dione-3-oxime) mod- 
ulators normalize the PC spiking activity in SCA2 
mice in vitro, converting the bursting activity into 
tonic. The effect on the tonic activity of the cells 
was in the decreased spike generation frequency [12] . 
Another study examined the effect of applying the 
solutions of SK channel activators on the PC activ- 
ity in vivo [13] . In these experiments, the modulators 
in question were similarly observed to affect simple 
spike (SS) frequency in PCs: the NS 309 modulator 
effect resulted in a more significant decrease in fre- 
quency compared to that of CyPPA. This observation 
can be explained by a greater efficiency of binding be- 
tween NS 309 molecules and SK channels compared 
to CyPPA [14] . 
Thus, previous studies recording extracellular activ- 
ity from a single PC demonstrated it was in fact pos- 
sible to modulate the PC activity in vivo by surface 
application of solutions of SK channel activators [13] . 
However, this method of delivering potential therapeu- 
tic agents is not entirely acceptable for clinical trials. 
Therefore, it was decided to conduct a series of exper- 
iments on the intravenous administration of solutions 
of one of the tested substances, and to evaluate the 
effect of SK channel activation on the electrophysi- 
ological properties of PCs in vivo in this case. The 
CyPPA compound was chosen as a tested SK channel 
activator because this modulator is highly specific for 
activating SK1 and SK2 channels. 
3. Experimental procedure 
The study was performed on 35 six-month-old 
male outbred laboratory mice from the Rappolovo 
breeding center cohort. Extracellular recording of 
the firing patterns from a single PC in vivo was 
adapted from the paper published earlier [13] . The 
intraperitoneal anesthesia of the experimental ani- 
mals was performed by the fractional method using 
urethane (Sigma-Aldrich, USA) in the amount of 
1200 mg/kg of body weight for the initial injection. 
Then, 40 min later, this concentration was increased to 
1800 mg/kg. After the anesthesia had taken effect, the 
mouse was fixed on a stereotaxic frame (RWD Life 
Science, USA). The test animal’s body temperature 
was maintained at 37 °C by a feedback-controlled 
heated pad (Harvard Apparatus, USA). The scalp 
was then removed in the cerebellar vermis below the 
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 Extracellular registration of the firings was carried out
in lobules IV–V of the cerebellar vermis using glass
microelectrodes with the impedance of 3–10 M ,
made of borosilicate glass (the external diameter was
1.50 mm, the internal diameter was 0.86 mm; Sutter
Instrument, USA) and filled with a 2.5 M sodium
chloride (NaCl) solution. The microelectrode was
inserted into the cerebellar cortex using a one-axis
oil hydraulic micromanipulator (Narishige Group,
Japan) to a depth of 5 mm. The paper studied the
effect of the SK2/SK3 channel activator CyPPA
(Sigma-Aldrich, USA) on the PC firing activity. This
compound was first dissolved in DMSO (dimethyl
sulfoxide) to prepare a stock solution. Directly before
the experiment, CyPPA was dissolved in a 0.9% NaCl
(saline) solution from frozen aliquots of the stock so-
lution. A medium for the tested substance, which was
a solution of DMSO in saline, was used as control. 
The firing patterns were recorded from a single
cell over a prolonged period of time. PC activity was
identified by the presence of a complex spike (CS)
in the discharge pattern, as well as by an inhibitory
pause after a complex discharge. CSs emerge due to
synaptic activation of PCs by climbing fiber afferents,
which leads to the generation of calcium-dependent
action potentials in the dendrites, whereas SSs are
synaptically activated by parallel fibers, also known
as granule-cell axons [15] . All the experiments on
the extracellular recording of PC activity were per-
formed over a time period of not more than five
hours after the last injection of the anesthetic. The
detected firings were amplified by a differential ampli-
fier (AC/DC Differential Amplifier, A-M Systems Inc.,
USA), processed with filters for high (10 kHz) and
low (100 Hz) frequencies, digitized by an NI PCI-6221
analog-digital converter (National Instruments, USA),
and stored for further computer analysis. The Bioac-
tivity Recorder v. 5.9 software was used for recording
the electrophysiological activity. The characteristics of
the firing activity were assessed using the Clampfit
v10.3.1.5 software. Subsequent statistical analysis was
performed in Origin and MS Excel. 
The test substances were intravenously injected into
the tail vein of the test animal. The solution con-
centration used was 1 mM of СуРРА. The activity
was recorded continuously for 5 min before the injec-
tion, and for 30 min after. Short (30 s) recordings were
also performed 60, 90, 120, 150 and 180 min after
the intravenous injection. The effect of the modulator
was assessed for each cell 30, 60, 90, 120, 150 and
180 min after the intravenous injection by a change in
SS frequency. A total of 33 cases of PC activity wasrecorded in the experiments, of which 12 cells were
statistically processed, as the recorded firing activity of
the rest of the neurons did not persist for three hours
after the intravenous injection. Since our experiments
were aimed at studying the effect of the SK2/SK3-
channel modulator CyPPA, we did not analyze the CS
frequency, as it is known that the SK channels are
involved in SS generation [8] . 
In order to analyze the data, we determined the
average values of the SS frequency. The data was pre-
sented as relative frequencies allowing for the root-
mean-square deviation, i.e., in the form ( F i / F 0 ) ± σ ,
where F 0 is the SS frequency value 5 min before the
injection of the tested substance, F i is the SS fre-
quency value after the intravenous injection (after 30,
60, 90, 120, 150 and 180 min for each cell), and σ is
the standard deviation. 
Next we tested the statistical hypothesis by Pear-
son’s χ -squared test (that a series of experimental data
has the form of a normal distribution at each mo-
ment of time). Statistical processing of the obtained
data was performed by one-way analysis of variance
(ANOVA) with the subsequent application of the Bon-
ferroni test. We analyzed the effect of the tested sub-
stances on the relative frequency of the recorded fir-
ing activity of PCs. At any given moment of time
we assessed the effect of a 1 mM CyPPA injection on
the relative SS frequency to determine the effect of a
DMSO solution injection on the same factor in normal
saline. 
4. Key findings and discussion 
This study included a series of experiments on the
extracellular recording of PC activity of the intact
cerebellar cortex carried out in vivo on six-month-
old male outbred laboratory mice. The frequency of
spontaneous SSs ranged from 15 to 50 Hz in most
experiments; however, signals with frequencies of 4–
90 Hz were also registered. Experiments in which pure
saline was intravenously injected into the tail vein of
the mouse were conducted as controls. A typical ex-
ample of the recorded pattern of the PC discharge
five minutes before the intravenous injection of saline
and three hours after it is shown in Fig. 2 a (curve
1 ). The lower part of Fig. 2 a shows the time depen-
dence for the moving average of the SS firing fre-
quency of PCs (curve 2 ). The temporal behavior of
the firing frequency was obtained in increments of
60s. Fig. 2 b shows the fragments corresponding to
the signal recording in the control experiment after
1, 2 and 3 h after the intravenous injection of saline.
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Fig. 2. The frequency of simple spike firing by a Purkinje cell (PC) versus time before and after the intravenous injection of 0.9% NaCl. The 
PC discharge patterns ( 1 ) before and after injection are shown, as well as the moving average of SS frequency ( 2 ) (see also the explanations 
in the text). Both simple and complex spikes (indicated by a dot 
above) were detected in each of the fragments. The 
moving average curve for the PC firing frequency 
(curve 2 in Fig. 2 a), as well as the enlarged frag- 
ments of the activity recordings ( Fig. 2 b) illustrate a 
slight decrease in the PC firing frequency. The pres- 
ence of both simple and complex spikes in the activ- 
ity recording, as well as of an inhibitory pause after 
a complex discharge clearly identifies the neuron as 
a PC. 
Experiments on the intravenous administration of 
1 mM of CyPPA showed that this SK channel acti- 
vator is capable of modulating the electrophysiologi- 
cal properties of PCs in vivo. A typical example of 
recording the PC discharge pattern before and after 
the intravenous injection of 1 mM of CyPPA into the 
tail vein of a six-month-old mouse is shown in Fig. 3 . 
Curve 1 in Fig. 3 a illustrates the pattern we observed 
for five minutes before and three hours after the intra- 
venous injection of 1 mM of CyPPA. The lower part 
of Fig. 3 presents the moving average frequency of 
SS firing by the PC (curve 2 ), the plot corresponds to 
the respective entry for PC activity. The values of the firing frequency were calculated in increments of 
60 s. Fig. 3 b shows the fragments corresponding to 
the signal recording in the control experiment 1, 2 
and 3 h after the intravenous injection of 1 mM of 
CyPPA. The graphical representation of the moving 
average of the firing frequency (curve 2 in Fig. 3 a), as 
well as the enlarged fragments of the activity record- 
ing ( Fig. 3 b) illustrate the significant decrease in the 
frequency of SS firing by the Purkinje cell. For ex- 
ample, three hours after the intravenous injection of 
1 mM of CyPPA, SS firing was observed to decrease 
by about 7 times (curve 2 in Fig. 3 a). 
Fig. 4 presents the generalized data obtained in 
the above-described experiments. For example, it was 
shown that a slight increase in the SS firing frequency 
(about 10–11%) was observed during the first hour af- 
ter the intravenous injection of saline ( n = 3), a slight 
decrease in the firing frequency relative to the initial 
value (by about 2–7%) was observed during the sec- 
ond hour after injection, while during the third hour 
after the intravenous injection of 0.9% NaCl, a fur- 
ther decrease in the firing frequency was observed, 
amounting on average to 25%. 
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Fig. 3. The frequency of simple spike firing by a Purkinje cell (PC) versus time before and after the intravenous injection of 1 mM of 
CyPPA. The PC discharge patterns (1) before and after injection are shown, as well as the moving average of SS frequency (2) (see also the 
explanations in the text). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The data obtained allows us to conclude that the
procedure of intravenous injection of saline and the
solution itself have no significant impact on PC firing,
i.e., the effects observed during the injection of the
tested SK channel activator are caused by the activator.
Our experiments also investigated the effect of the
selective SK3/SK2 channels modulator СуРРА in a
concentration of 1 mM. These experiments revealed
two types of PC reactions in response to the injec-
tion of the activator. In the first case, there was a
progressive decrease in the frequency of SS firing by
the PC, while in the second one there were no sig-
nificant changes in the electrophysiological properties
of the PC. According to our assumptions, the lack of
reaction to the CyPPA injection was because the sy-
ringe needle missed the tail vein (the number of failed
experiments n = 3). In connection with this, the anal-
ysis was performed only for the first case, i.e., for
successful intravenous injections of 1 mM of CyPPA(see Fig. 4 for n = 6). Statistical analysis of the ob-
tained experimental data revealed that there was no
change in the SS frequency during the first 30 min af-
ter the intravenous injection of 1 mM of CyPPA; how-
ever, as early as 60 min after the injection of the ac-
tivator, a decrease by 16% relative to the initial value
was observed in the firing frequency (see Fig. 4 ). After
that there was a progressive decrease in the SS firing
frequency. For example, an average decrease by 32%
relative to the initial value was observed in the SS
frequency 90 min after the CyPPA injection, by 49%
after 120 min, by 50% after 150 min, and by 61% after
180 min (see Fig. 4 ). 
Statistical analysis of all data has demonstrated (see
Fig. 4 ) that the effect of CyPPA on the PC activity is
reliably different from the effect of normal saline as
early as 90 min after the time of injection (the relia-
bility was 95%) and continues to differ with the same
reliability up to the end of the analyzed three-hour
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Fig. 4. Relative neuronal firing frequency versus time after injec- 
tions of two compounds: 0.9% NaCl ( 1 ) and CyPPA ( 2 ). A statistical 
comparison was made between these two experimental groups ev- 
ery 30 min after injection. The significance of differences was 95% 
(marked with ∗).  
 
 
 
 
 period. After three hours the relative SS frequency 
following the intravenous injection of saline averages 
0.75, whereas the value of this parameter after the 
same time interval after the injection of CyPPA is 0.39 
relative units (see Fig. 4 ). 
5. Conclusion 
This study presented the experimental results for 
the intravenous delivery of a positive SK channel mod- 
ulator СуРРА. SK channel activation is a potential 
method for therapeutic treatment of cerebellar ataxias 
[6, 10–12] . The chosen delivery method has demon- 
strated that СуРРА molecules are capable of control- 
ling PC activity in vivo, directly or indirectly, through 
interacting with other metabolic intermediaries. These 
results are incredibly important because injecting a 
potential therapeutic agent intravenously is more ac- 
ceptable for clinical trials than the methods previously 
used in similar experiments assessing the effect of SK 
channel modulators on PC activity in vivo [13] . 
Thus, this study has demonstrated for the first time 
that a statistically significant decrease in the PC firing 
frequency is observed in vivo as a result of intravenous 
injections of the SK2/SK3 channel activator CyPPA. 
The data obtained indicates that intravenous injection 
of the SK channel activator can regulate the PC elec- 
trophysiological activity in vivo by limiting the PCs’ 
firing activity. Acknowledgment 
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